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bstract
An analytical procedure based on manual dynamic headspace solid-phase microextraction (HS-SPME) method and the conventional extraction
ethod by liquid–liquid extraction (LLE), were compared for their effectiveness in the extraction and quantification of volatile compounds from
ommercial whiskey samples. Seven extraction solvents covering a wide range of polarities and two SPME fibres coatings, has been evaluated.
he highest amounts extracted, were achieved using dichloromethane (CH2Cl2) by LLE method (LLECH2Cl2 ) and using a CAR/PDMS fibre
SPMECAR/PDMS) in HS-SPME. Each method was used to determine the responses of 25 analytes from whiskeys and calibration standards, in order
o provide sensitivity comparisons between the two methods. Calibration curves were established in a synthetic whiskey and linear correlation
oefficient (r) were greater than 0.9929 for LLECH2Cl2 and 0.9935 for SPMECAR/PDMS, for all target compounds. Recoveries greater than 80% were
chieved. For most compounds, precision (expressed by relative standard deviation, R.S.D.) are very good, with R.S.D. values lower than 14.78%
−1or HS-SPME method and than 19.42% for LLE method. The detection limits ranged from 0.13 to 19.03g L for SPME procedure and from
.50 to 12.48g L−1 for LLE.
A tentative study to estimate the contribution of a specific compound to the aroma of a whiskey, on the basis of their odour activity values (OAV)
as made. Ethyl octanoate followed by isoamyl acetate and isobutyl alcohol, were found the most potent odour-active compounds.
2007 Elsevier B.V. All rights reserved.
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. Introduction
Analysis of flavour/aroma compounds is one of the most
mportant steps in the evaluation of whiskey quality. Being a
ombination of taste and olfaction senses, these characteristics
re crucial factors in consumer acceptance of drinks and foods.
It has been reported [1–3] that whiskeys have several volatile
ompounds, which belong to a great variety of families such
s: ethyl esters, higher alcohols, fatty acids, higher alcohols
cetates, carbonyl compounds such as aldehydes and ketones,
ulphur compounds, furanic compounds, lactones, volatile phe-
ols, among others. This great diversity of compounds are
roduced through metabolic pathways and their genesis depends
n many factors related to raw materials and the subsequent pro-
∗ Corresponding author. Tel.: +351 291705112; fax: +351 291705149.
E-mail address: jsc@uma.pt (J.S. Caˆmara).
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esses of mashing, fermentation, distillation and ageing, others
re oak derived, while others depend on the type of technological
reatment. Many of these compounds are common to different
hiskeys but differ analytically in terms of the relative amount.
he qualitative and quantitative study with some whiskeys avail-
ble commercially, is an important database for ensuring process
ontinuity and product authenticity [4,5].
Ethyl esters are an essential family among the aroma com-
onents of whiskeys. Even present in small amounts, they have
ery intense odour characterized by pleasant aromas, such as
ruity and ﬂoral aromas that generally contribute positively to
he global quality of whiskeys [5]. The higher alcohols are also
n important family, quantitatively and qualitatively speaking,
eing characterized by their strong and pungent smell and taste,
ausing a positive contribution to the overall sensory properties
hen present at levels lower than 300 mg L−1. Higher alcohol
cetates are correlated with freshness and fruitness character,
hile fatty acids can contribute with fruity, cheese, fatty and
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ancid notes to the whiskeys sensory. However, not all com-
ounds contribute to the same extent to whiskey aroma. The
articular importance of each compound to the final aroma is
elated to its odour perception threshold, which is defined as the
owest concentration that can be detected by smelling. In fact, if
he concentration/olfactory threshold ratio of each compound,
nown as the odour activity value (OAV) is ≥1, this allows to
stimate the contribution of a specific compound to aroma of
whiskey. To our knowledge no scientific studies on the most
otent aroma compounds of commercial whiskey samples, has
een previously published.
In order to achieve a practical and reliable method for the
nalysis of volatiles in complex matrices such as whiskey
amples, several extraction methods have been developed and
sed, including steam distillation, liquid–liquid microextrac-
ion [6–8], simultaneous distillation–solvent extraction [9],
olid-phase extraction [6], supercritical fluid extraction [10],
icrowaves extraction [11] and ultrasound extraction [12],
mong others. Although offering specific advantages under
ertain circumstances, these analytical methods have some
rawbacks such as the possibility of contamination with sol-
ents, and later solvent concentration, generation of artifacts
nd the length of time analysis. In spite of these inconvenient,
LE methods continue to be the reference technique for deter-
ination of volatile constituents from several beverages. An
dvantage of this method is that all volatile compounds (low,
edium and high volatility) can be analysed in one extraction
tep, but the method may require solvent evaporation, which,
n some cases, results in the loss or degradation of some com-
ounds.
Pawliszyn and co-workers in 1990 [13–15] develop a new
ariation of adsorption techniques called solid-phase microex-
raction (SPME). Compared to conventional techniques this new
echnique offers many advantages such as high sensitivity and
eproducibility, does not require solvent and combines extrac-
ion and pre-concentration in a single step without pre-treatment
f samples. Moreover, it is fast, inexpensive and requires small
ample volumes. This technique, based on absorption and/or
dsorption mechanism, depending on the fibre coating, can
e successfully applied for polar and non-polar compounds in
aseous, liquid and solid samples and can be easily coupled
ith various analytical instruments such as GC, GC–MS, HPLC
nd LC–MS [16–23]. It has been used routinely in combination
ith gas chromatography (GC) and gas chromatography cou-
led to mass spectrometry with ion trap detection (GC–ITDMS),
nd successfully applied to a wide variety of compounds, espe-
ially for the extraction of volatile and semi-volatile organic
ompounds from environmental [24], biological [25] and food
26–31] samples. More recently Deng et al. [32] developed a
PME methodology for investigation of long cancer volatile
iomarkers. The same authors applied HS-SPME with on-fibre
erivatization for the determination of hexanal and heptanal in
ormal blood and lung cancer blood [33].Lately 1990s, a new technique, namely stir bar sorptive
xtraction (SBSE) has also been developed by Baltussen et al.
34] and applied to the extraction of volatile constituents [35].
alacain et al. [36] used this technique to the analysis of wine
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rimary aroma compounds, while Demyttenaere et al. [37] used
he same methodology to extract whiskey volatiles. The char-
cterization of the main chemical composition and the aroma
rofile of Madeira wine by sorptive extraction techniques were
ade by Alves et al. [38].
The present work was carried out to evaluate the perfor-
ance of two extraction methods (LLE and dynamic HS-SPME)
n the determination of volatile compounds from commer-
ial Scotch whiskeys. Seven different extraction solvents
CH2Cl2, H(n-hexane), CH2Cl2–DE (diethyl ether) (3:1 and
:3), CH2Cl2–H (3:1 and 1:3) and DE–H (1:3)] and two kinds of
ommercially available fibres: carboxen/polydimethylsiloxane
CAR/PDMS, 75m), apolar, and carbowax/divinylbenzene
CW/DVB, 65m), polar, were used to test the extraction effi-
iency of volatile compounds. The best solvent and SPME fibre
ere applied by employing GC with flame ionisation detec-
or (FID) to the determination of absolute content of whiskey
olatiles and GC–MS to the volatile identification. The selec-
ivity of each method for specific classes of flavour compounds
as evaluated. Linearity, detection and quantification limits, and
recision of the whole analytical procedure have also been calcu-
ated for the 25 target compounds selected to study the methods
erformance. Given the lack of information about the whiskeys
dour-active compounds, the levels of recognized odorants were
sed to establish exactly the flavour differences between the
hiskeys, and to calculate the odour activity values in order to
lucidate the most potent aroma compounds of the studied sam-
les. The results obtained applying the two analytical procedures
re shown and discussed.
. Experimental
.1. Chemicals and materials
All reagents used were of analytical quality. n-Hexane (99%)
nd diethyl ether (99.5%) were supplied by Lab-Scan (Dublin,
reland); ethanol absolute (≥99.5%), solid anhydrous sodium
ulphate (99%) and analytical-grade hydrochloric acid (≈37%)
sed to adjust the standards pH, were purchased from Panreac
uimica SA (Barcelone, Spain). Dichloromethane (≥99.8%),
odium hydroxide (>99%), sodium chloride (99.5%) that was
sed to obtain the adequate ionic strength (decrease the solubility
f the aroma molecules which then partition more readily into the
eadspace improving the adsorption of analytes in SPME analy-
is), were supplied by Merck (Darmstadt, Germany). Methanol
f Chromasolv quality (≥99.9%) and the standards of aroma
ompounds, which ranged from 98% to 99.5% purity, were
btained from Sigma–Aldrich (Steinheim, Germany). The n-
lkane mixture, consisting of C8 to C20 straight-chain alkanes,
as purchased from Fluka. Solvents did not require additional
istillation, were used as received. Water was purified through
Milli-Q purification system (Millipore).
Seventy-five micrometers CAR/PDMS and 65m of
W/DVB SPME fibres, purchased from Supelco (Bellefonte,
A, USA) were conditioned under helium at a flow-rate of
.0 mL min−1 in the hot injection port of a gas chromatograph
t 300 ◦C for 2 h for CAR/PDMS and 220 ◦C for 0.5 h for
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C
q
p
r
t
u
t
a
2
(
(
t
w
I
t
3
b
w
t
d
l
2
2
p
e
s
m
4
a
s
s
p
s
p
c
s
G
2
w
s
e
s
o
s
a
6
t
d
o
u
S
v
s
t
2
2
e
i
o
I
c
a
1
t
T
2
r
r
a
4
r
i
r
o
r
(
a
o
m
r
2
(
r
C
I
s
c
y
t
T
1
t
t0 M. Caldeira et al. /
W/DVB. Fiber blanks, taken prior to analysis, confirm the
uality of conditioning.
Stock solution of target compounds to be determined was
repared in methanol. A mixed standard solution for the prepa-
ation of spiked samples was obtained diluting the stocks. All
he standards solution was stored at 4 ◦C in the darkness, until
se.
Synthetic whiskey samples were prepared by an ethanol solu-
ion at 12% (v/v) to which hydrochloride acid 1 M was added to
djust solution pH.
.2. Whiskey samples
A total of 24 commercial Scotch whiskey samples (40%
v/v), alcohol), Famous Grouse (FG), Dewar’s (DW), Red Label
RL), Black Label (BL), Grant’s (GRA), Long Jonh (LJ), Ballan-
ines (BAL) and Highland Clan (HC), three samples from each
hiskey, were purchased from a local store (Funchal, Madeira
sland) and frozen at −28 ◦C until their analysis. Before extrac-
ion of the volatile compounds, the samples were unfrozen at
–4 ◦C. Commercial BL whiskey sample was used to select the
est solvent and the fiber with higher extraction efficiency for
hiskey volatile constituents.
The high ethanol concentration of the whiskeys required dilu-
ion to 12% (v/v) alcohol for both LLE and SPME methods. This
ilution minimized emulsion formation during LLE method and
oss of sensitivity for most volatiles determined by SPME.
.3. Extraction methodologies
.3.1. LLE method
Quantitative analysis and identification of volatile com-
ounds were carried out by the procedure described by Perestrelo
t al. [39]. In accordance with this method, 50 mL of whiskey
ample, to which 250L of octan-3-ol and 1 mL of 4-
ethylpentan-2-ol, in hydro alcoholic solution (1:1, v/v) at
22 mg L−1 as internal standards were added, was poured into
100 mL flask. Five grams of sodium sulphate was added. The
amples were then extracted twice with 5 mL of CH2Cl2. The
olution was stirred during 15 min at 400 rpm. Both organic
hases obtained were blended and dried over anhydrous sodium
ulphate and concentrated to 500L under a gentle stream of
ure nitrogen (N45, Air Liquide, Portugal). Injection of the
oncentrated extract was made in split mode (split ratio, 1:10;
ample size, 1L) in the GC-FID, for quantification and onto
C–MS for volatile identification.
.3.2. Solid-phase microextraction procedure
After adjust to 12% (v/v) alcohol by dilution with distilled
ater, whiskey samples were adjusted to pH 3.3 and the ionic
trength was increased, using NaCl (30%), to improve the
xtraction efficiency. A 60 mL vial containing 35 mL of sample,
piked with octan-3-ol (Sigma–Aldrich) and 4-methylpentan-2-
l, which were used as internal standards (50L of alcoholic
olution at 422 mg L−1), was placed in a thermostatic block on
stirrer. The fibre was then exposed to the gaseous phase during
0 min at temperature of 40 ± 1 ◦C. As stirring usually improves
1
b
Gta 74 (2007) 78–90
he extraction, because the static layer resistant to mass transfer is
estroyed (facilitate mass transport between the bulk of the aque-
us sample and the fibre), all the experiments were performed
nder constant stirring velocity (1250 rpm). After extraction, the
PME fibre was withdrawn into the needle, removed from the
ial and inserted into the hot injector port (260 ◦C) of the GC–MS
ystem for 6 min where the extracted chemicals were desorbed
hermally and transferred directly to the analytical column.
.4. Instrumental analysis
.4.1. Gas chromatography (GC) analysis
A Hewlett-Packard HP 5890 series II gas chromatograph
quipped with a split/splitless capillary injection port and flame
onization detector (FID) was used. Separation was performed
n a fused silica capillary column DB-Waxetr: 30 m × 0.25 mm
.D. × 0.5m film thickness from JW Scientific (USA). The
olumn was maintained at 40 ◦C for 1 min after desorption
nd then ramped at 1 ◦C min−1 to 120 ◦C (2 min) followed by
.7 ◦C min−1 to 180 ◦C where it was held for 1 min and finally
o 220 ◦C at 25 ◦C min−1 and held isothermally for 10 min.
he FID temperature was 300 ◦C and the injector temperature
60 ◦C. The carrier gas was helium (99.99995%) at a flow-
ate of 1 mL min−1. Hydrogen and air at 30 and 300 mL min−1,
espectively, were used in FID, with nitrogen (35 mL min−1)
s a make-up gas. A Star Chromatography workstation version
.0 was used for acquiring and processing the data. Measured
etention times and peak areas represented an average from three
njections.
The quantification was based on the calibration curves of
espective standards in the synthetic whiskeys, with octan-3-
l and 4-methylpentan-2-ol as internal standards. Since the
epeatability of the chromatographic method was very good
with coefficients of variation ranging from 2.0% to 12% in
verage), only tree injection of each CH2Cl2 extract was carried
ut. n-Alkane standards (Fluka) were run under the same chro-
atographic conditions as the samples, to calculate the Kova`ts
etention indices of the compounds.
.4.2. Gas chromatography–ion trap mass spectrometry
GC–ITDMS) analysis
The identification and confirmation of analytes identity in
eal samples was performed by a GC–ITDMS, Varian Star 3400
x Series II gas chromatograph equipped with Varian Saturn
II mass selective detector and a Saturn GC–MS workstation
oftware, in the electron impact mode (EI). Chromatographic
onditions were similar to the described in the GC-FID anal-
sis. The ion trap detector was set as follows: transfer line
emperature 220 ◦C; manifold and trap temperatures 180 ◦C.
he mass range was m/z = 30–300 amu, the emission current
5A and the electron multiplier was set in the relative mode
o the auto tune procedures. All mass spectra were acquired in
he electron impact (EI) mode (Ei = 70 eV, source temperature,
80 ◦C).
The identification of the volatile compounds was achieved
y comparing their mass spectra with those stored in the US
overnment National Institute of Standards and Technology
M
.Caldeira
et
al./T
alanta
74(2007)78–90
81
Table 1
Performance characterisitcs of liquid–liquid extraction method (LLECH2Cl2 ): concentration range, linearity, detection (LOD) and quantification (LOQ) limits, recoveries and yield extraction data
Compound Range concentration (mg L−1) r Slope Intercept LOD (g L−1) LOQ (g L−1) Recovery (%) Yield (%) R.S.D. (%) IS
Higher alcohols
Propan-1-ol 0.40–28.91 1.0000 0.21 0.22 1.65 5.50 84.67 106.94 5.57 3-OCT
2-Methylpropan-1-ol 0.26–20.12 0.9989 1.41 −0.01 0.50 1.66 69.05 84.00 3.19 4M2P
Butan-1-ol 0.74–29.16 0.9995 0.24 0.04 1.21 4.04 85.76 123.04 7.06 3-OCT
3-Methylbutan-1-ol 0.74–29.12 0.9989 0.22 0.05 0.95 3.15 85.16 102.43 6.98 4M2P
Hexan-1-ol 3.80–29.48 0.9995 0.13 0.04 0.97 3.23 101.24 101.94 7.82 4M2P
Methionol 0.54–42.12 0.9995 0.05 0.03 1.39 4.62 100.77 109.18 7.81 4M2P
-Phenylethanol 0.47–36.83 0.9985 0.14 0.14 2.79 9.29 101.18 83.27 9.36 3-OCT
Benzyl alcohol 0.48–37.62 0.9989 0.12 0.09 2.38 7.95 105.46 102.87 8.48 4M2P
2-Phenoxyethanol 0.51–39.67 0.9929 0.12 0.14 4.90 16.34 11428 113.30 7.81 4M2P
Acetate
Isoamyl acetate 4.00–31.54 1.0000 0.11 0.03 0.92 3.08 101.12 107.49 8.93 4M2P
Ethyl esters
Ethyl butanoate 0.37–31.61 1.0000 0.10 0.09 0.76 2.54 104.39 106.31 14.88 4M2P
Ethyl hexanoate 0.80–31.43 0.9995 0.13 0.08 1.22 4.06 100.97 103.52 10.05 4M2P
Ethyl lactate 0.96–37.51 0.9995 0.04 0.01 1.41 4.72 96.60 125.26 6.92 4M2P
Ethyl octanoate 0.80–31.61 0.9995 0.15 0.07 1.42 4.74 98.90 106.01 9.73 4M2P
Ethyl decanoate 0.80–31.03 1.0000 0.21 −0.04 0.70 2.33 100.45 92.34 9.16 4M2P
Diethyl succinate 0.48–37.69 0.9995 0.11 0.01 4.43 14.77 106.18 95.89 9.16 4M2P
Ethyl dodecanoate 5.60–124.84 0.9959 0.44 0.46 12.48 41.59 92.49 115.18 11.37 3-OCT
Fatty acids
Hexanoic acid 0.43–33.72 0.9969 0.08 −0.13 3.18 10.60 88.93 89.57 16.25 4M2P
Octanoic acid 0.42–32.79 0.9959 0.08 −0.13 3.73 12.44 93.62 88.71 19.42 4M2P
Decanoic acid 0.72–55.99 0.9965 0.13 −0.07 8.90 29.68 82.69 96.42 13.11 3-OCT
Carbonyl compounds
Acetaldehyde 3.60–28.37 0.9995 0.35 0.24 3.92 13.07 71.03 83.68 4.64 3-OCT
Syringaldehyde 3.50–54.86 0.9939 0.05 −0.01 7.65 25.49 90.13 99.77 13.67 4M2P
Furanic compounds
Furfural 0.96–37.77 0.9995 0.08 −0.01 1.29 4.31 91.70 99.42 4.42 4M2P
5-Methyl-2-furfural 1.20–39.85 0.9995 0.09 0.05 1.86 6.21 95.61 101.66 8.10 4M2P
Volatile phenol
Guaiacol 0.46–36.18 0.9985 0.13 0.12 2.40 8.01 102.74 123.13 8.62 4M2P
82 M. Caldeira et al. / Talanta 74 (2007) 78–90
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Aig. 1. Comparison of the extraction efficiency for different chemical families by
ex: hexanoic acid; Oct: octanoic acid; Dec: decanoic acid; C6C2: ethyl hexan
NIST) library and by the Kova`ts retention indices calculated for
ach peak with reference to the normal alkanes C8–C20 series
ccording to the following equation [40]:
I = 100z + 100
[
RTi − RTz
RTz+1 − RTz
]
here RI is the retention index of the unknown peak, RTi the
etention time for the unknown peak, RTz and RTz+1 are the
etention times for the n-alkanes that bracket the unknown peak,
is the number of carbon atoms in the n-alkane standard that
lute just before the unknown peak. All experiments were carried
ut in triplicate.
.5. Analytical methods validationTwenty-five volatile target compounds (Table 1) were
elected to study the methods performance. Calibrations have
o be carried out for each compound and by the two methods
b
B
e
v
ig. 2. Influence of the type of HS-SPME fibre coatings on the GC–MS peak area for
emperature: 40 ◦C; extraction time: 60 min) (HA: higher alcohols; EE: ethyl esters; FA
cet: higher alcohol acetates; Isoam: isoamyl esters; CC: carbonyl compounds).method using CH2Cl2 and H (But: butanoic acid; Isobut: 3-methylbutanoic acid;
C8C2: ethyl octanoate; C10C2: Ethyl decanoate; C12C2: ethyl dodecanoate).
LLECH2Cl2 and HS-SPMEPDMS) in order to achieve accurate
uantitative results.
For linearity study, calibration graphs were established with
ve standard solutions in synthetic whiskey. Duplicate calibra-
ion graphs, were drawn by the least-squares linear regression
ethod using the relative peak area as response versus concen-
ration. Regression slope and origin intercept were calculated
y linear least-squares regression. Repeatability (precision) was
valuated by the relative standard deviation of six independent
ssays performed under the same analytical conditions in the
hortest period of time. For each assay the mean values, stan-
ard deviation and coefficients of variation for all compounds
ere calculated.
The recovery rates of volatile compounds were evaluatedy addition of known amounts of the target compounds to the
L whiskey sample. Samples were submitted to six successive
xtractions with CH2Cl2 and with a CAR/PDMS fibre. For each
olatile compound the recovery rate was calculated by the ratio
the total fraction of the volatile compounds in BL whiskey sample (extraction
: fatty acids; H: hydrocarbons; Ter/Nor: monoterpenes and C13-norisoprenoids;
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(C1 −C0)/C2) × 100, where C0 is the concentration of the ana-
yte in the whiskey before addition, C1 the concentration of the
nalyte in spiked whiskey sample and C2 is the amount of the
nalyte added to whiskey sample.
The limits of detection (LOD) were estimated as the con-
entration of the analyte that produce a signal-to-noise ratio
f three times the standard deviation of the y-residuals of the
alibration graph, which is 3sy/x /b, where sy/x is the blank
tandard deviation and b is the slope of the line regression.
he linear range experiments provide the necessary informa-
ion to calculate the limits of detection, by extrapolating from
he lowest concentration point on the linear calibration curve.
he limit of quantification (LOQ) can also be estimated as the
oncentration of analyte producing a signal 10 times that of the
oise.
Extraction yield were calculated using the internal stan-
ard method. Standard solutions containing the volatiles and
he internal standard at known concentrations were injected
nto the chromatograph system. The response factor (K) of
ach compound was calculated using the following equation:
= Ac ×CIS/AIS ×Cc, where Ac is the area of the compound,IS area of the internal standard, Cc concentration of the com-
ound and CIS is the concentration of the internal standard.
hen 50 mL of synthetic whiskey containing the volatile com-
ounds at known concentrations was subjected to the LLE
t
w
e
t
able 2
erformance parameters of the solid-phase microextraction method (HS-SPMECAR/PD
imits
ompounds Range concentration (mg L−1) r Slope
igher alcohols
2-Methylbutan-1-ol 3.90–60.0 0.9985 18.37
Butan-1-ol 20.0–200.0 0.9955 15.10
3-Methylbutan-1-ol 12.75–176.05 0.9969 0.96
Hexan-1-ol 10.14–219.77 0.9969 0.94
Methionol 0.46–11.26 0.9989 12.96
-Phenylethanol 7.70–228.33 0.9995 2.72
Benzyl alcohol 0.93–87.64 0.9989 0.82
2-Phenoxyethanol 17.95–151.78 0.9935 0.15
cetate
Isoamyl acetate 0.39–24.78 0.9989 2.10
thyl esters
Ethyl butanoate 0.91–122.03 0.9989 55.73
Ethyl hexanoate 0.91–24.92 0.9995 67.71
Ethyl lactate 4.10–29.53 0.9969 0.02
Ethyl octanoate 0.40–4.90 1.0000 459.48
Ethyl decanoate 0.40–4.81 0.9995 117.40
Diethyl succinate 1.49–10.52 0.9955 0.74
Ethyl dodecanoate 0.40–4.37 0.9995 75.19
atty acids
Hexanoic acid 1.60–92.77 0.9995 0.408
Octanoic acid 3.20–90.87 1.0000 1.081
Decanoic acid 7.90–58.77 0.9959 1.921
uranic compounds
Furfural 2.9–14.26 0.9985 9.00
5-Methyl-2-furfural 2.5–11.77 0.9975 12.53
olatile phenol
Guaiacol 0.90–10.79 0.9995 7.22ta 74 (2007) 78–90 83
rocedure described above. The concentration of each com-
ound can be calculated applying the response factor equation
K). Taking into account the organic phase volume, the amount
f the extracted analyte was calculated and the yield expressed
s: % = Ce/C0 × 100, where Ce is the concentration of the
xtracted analyte and C0 is the initial concentration. A simi-
ar procedure, to the described in Section 2.3.2, was made for
S-SPMECAR/PDMS.
.6. Whiskey samples differentiation
In this study, eight different commercial whiskeys were
nalyzed in triplicate following the methodology proposed.
hiskey sample differentiation was performed with SPSS pro-
ram Version 13.0 statistical package for Windows (SPSS,
hicago, IL).
. Results and discussion
First, the commercial whiskeys were analysed by GC–MS
o identify the volatile fraction constituents. Many compounds
ere identified, but only 25 (Table 1) including higher alcohols,
thyl esters, fatty acids and furanic compounds, were selected
o study the figures of merit of the methods.
MS): concentration range, linearity, detection (LOD) and quantification (LOQ)
Intercept LOD (g L−1) LOQ (g L−1) R.S.D. (%) IS
−6.48 5.44 18.12 7.40 4M2P
2.80 10.26 34.20 5.17 4M2P
−4.68 19.03 63.43 4.25 4M2P
−2.81 8.03 26.77 12.78 3-OCT
−1.94 0.67 2.22 9.64 3-OCT
−1.00 8.55 9.43 6.31 3-OCT
0.25 1.59 5.32 11.22 4M2P
6.05 13.43 44.76 9.16 3-OCT
0.84 1.44 4.81 4.97 4M2P
4.39 2.37 7.91 13.75 3-OCT
6.23 1.06 3.53 3.97 4M2P
0.01 3.06 10.19 7.83 4M2P
−15.55 0.13 0.42 4.98 3-OCT
−4.14 0.24 0.79 10.54 3-OCT
0.42 1.34 4.48 6.81 4M2P
−29.15 0.20 0.66 13.05 3-OCT
0.10 3.02 10.08 8.89 4M2P
0.91 2.50 8.32 14.78 4M2P
2.46 6.91 23.03 2.71 4M2P
−1.24 1.07 3.56 10.11 3-OCT
−2.39 1.09 3.64 12.04 3-OCT
0.54 0.54 1.79 7.52 3-OCT
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Table 3
Comparison of liquid–liquid extraction using dichloromethane as extraction solvent (LLECH2Cl2 ) and solid-phase microextraction using two different coatings
(HS-SPMECAR/PDMS and HS-SPMECW/DVB) analysis of chemical composition of the main volatile compounds in BL whiskey
RT (min) KIa Compound Identityb %RPA ± %R.S.D.
cLLECH2Cl2 cHS-SPMECAR/PDMS. cHS-SPMECW/DVB
2.09 907 Ethyl acetate A, B NDd 0.14 ± 1.21 0.56 ± 18.29
2.96 984 Ethanol A, B ND 16.44 ± 1.58 42.57 ± 13.37
4.13 1033 2-Methylpropan-1-ol A, B 3.71 ± 9.72 ND ND
5.52 1121 Butan-1-ol A, B 0.061 ± 12.14 0.26 ± 6.89 ND
6.18 1144 Isoamyl acetate A, B 0.056 ± 8.76 0.13 ± 1.45 0.36 ± 5.07
6.44 1152 1,2-Dimethylbenzene B ND 0.04 ± 8.72 ND
8.17 1202 1,3-Dimethylbenzene B ND 0.02 ± 8.48 ND
9.48 1211 1,2-Dihydro-3,6,8-trimethylnaftalene B ND 0.06 ± 6.90 0.085 ± 12.94
10.26 1255 3-Methylbutan-1-ol A, B 46.39 ± 13.64 2.57 ± 13.00 4.85 ± 9.86
10.37 1257 Ethyl hexanoate A, B 0.056 ± 16.31 1.81 ± 0.65 0.26 ± 8.59
12.03 1292 Styrene B 0.032 ± 8.97 2.32 ± 19.11 ND
12.48 1310 Hexyl acetate A, B 0.036 ± 7.43 ND ND
14.04 1333 2-Methyl furane B ND ND 0.022 ± 2.80
15.32 1358 1,2,4-Trimethylbenzene B ND ND 0.046 ± 2.59
17.27 1391 4-Ethyl-1,2-dimethylbenzene B ND ND 0.0037 ± 18.98
18.41 1413 Hexan-1-ol A, B ND 0.02 ± 8.66 0.044 ± 7.51
18.52 1418 Ethyl lactate A, B 1.14 ± 5.61 ND ND
19.13 1426 (Z)-3-Hexen-1-ol A, B ND 0.04 ± 4.46 ND
20.22 1447 2-Methyl undecanal B ND 0.09 ± 2.86 ND
22.34 1467 TTNe B ND 0.0021 ± 8.59 0.0051 ± 13.90
23.07 1496 Ethyl octanoate A, B 3.39 ± 9.74 14.16 ± 13.16 13.38 ± 4.22
24.58 1509 Isoamyl hexanoate B ND 0.03 ± 18.65 0.0092 ± 6.15
24.91 1520 1-Octen-3-ol A, B 0.0091 ± 18.50 0.0057 ± 3.74 0.011 ± 12.41
25.16 1529 Acetal B 0.025 ± 13.26 ND ND
25.21 1538 2-Ethylhexan-1-ol B ND 0.03 ± 7.30 0.0096 ± 17.99
26.43 1556 Acetic acid A, B 2.09 ± 6.71 ND 0.086 ± 7.07
27.09 1567 4-Ethyl-m-xylene B ND 0.0067 ± 5.37 0.021 ± 5.09
27.24 1570 Furfural A, B 0.53 ± 7.09 0.90 ± 0.23 0.034 ± 14.49
28.08 1584 1,10-Decanediol B 0.014 ± 12.42 0.04 ± 0.22 ND
28.33 1588 Vitispyrane (I) B, C ND 0.016 ± 17.16 0.0070 ± 2.56
28.48 1590 Vitispyrane (II) B, C ND 0.015 ± 12.55 0.032 ± 11.42
29.25 1703 Propyl octanoate B ND 0.07 ± 14.90 0.13 ± 12.43
30.26 1719 2-Hydroxy-1-phenylethanone B 0.034 ± 9.34 ND 0.012 ± 4.40
31.34 1741 Ethyl nonanoate B 0.035 ± 14.04 ND ND
32.04 1756 Butyl caprilate B ND 0.036 ± 21.50 0.024 ± 23.45
32.12 1758 Linalool A, B ND ND 0.013 ± 1.27
33.05 1773 Propionic acid A, B 0.067 ± 5.44 ND ND
34.03 1789 2-Metylpropanoic acid A, B 0.0064 ± 7.39 ND
34.52 1800 Decahydronaphtalene B ND 0.05 ± 1.98 ND
35.11 1812 Methyl decanoate B ND 0.11 ± 7.30 ND
35.52 1848 5-Methyl furfural A, B 0.024 ± 11.72 ND ND
37.57 1860 Ethyl decanoate A, B 6.67 ± 10.16 34.06 ± 2.54 1.27 ± 3.49
38.41 1881 3-Methylbutanoic acid A, B 0.20 ± 9.81 ND ND
40.05 1906 Isoamyl octanoate B ND 0.89 ± 14.23 0.17 ± 3.38
40.50 1915 Ethyl benzoate A, B ND 0.59 ± 4.44 0.060 ± 16.36
41.39 1933 Ciclohexanemethanol B ND 0.24 ± 5.83 0.21 ± 3.25
41.84 1941 Diethyl succinate A, B 0.49 ± 5.56 ND ND
42.22 1949 Ethyl 9-decanoate B ND 3.45 ± 6.15 0.77 ± 4.27
44.46 2001 TDN A, B ND 0.036 ± 11.47 0.19 ± 1.51
45.33 2009 Propyl decanoate B 0.013 ± 9.15 0.04 ± 4.11 0.0090 ± 10.40
45.56 2022 Azulene B 0.11 ± 6.71 0.28 ± 1.82 0.034 ± 14.02
46.36 2030 Butyl decanoate B ND 0.051 ± 3.25 0.092 ± 0.41
48.01 2062 Dodecan-1-ol B ND 0.40 ± 16.38 0.13 ± 11.59
51.26 2129 -Damascenone A, B ND 0.21 ± 3.94 0.032 ± 8.57
51.45 2128 2-Phenylethyl acetate A, B 0.74 ± 8.64 0.43 ± 3.02 0.38 ± 26.86
52.49 2156 Ethyl dodecanoate A, B 4.44 ± 6.41 3.74 ± 9.76 21.95 ± 7.62
54.01 2189 Isoamyl decanoate B 0.012 ± 13.76 0.70 ± 9.70 0.46 ± 2.08
54.10 2192 Hexanoic acid A, B 0.32 ± 4.76 ND ND
54.32 2197 1,4-Bis(1-methylethenyl)benzene B ND 0.05 ± 3.66 0.063 ± 0.95
55.33 2218 (Z)-11-Hexadecan-1-ol B ND 0.07 ± 12.72 0.039 ± 8.63
56.10 2235 Ethyl benzenepropanoate B ND 0.08 ± 4.36 0.016 ± 11.24
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Table 3 (Continued )
RT (min) KIa Compound Identityb %RPA ± %R.S.D.
cLLECH2Cl2 cHS-SPMECAR/PDMS. cHS-SPMECW/DVB
57.31 2257 Benzeneacetaldehyde B 0.31 ± 10.14 ND ND
57.81 2272 -Ionol A, B ND 0.35 ± 8.70 0.087 ± 2.74
58.50 2287 2-Phenylethanol A, B 5.52 ± 12.40 1.00 ± 5.99 0.24 ± 17.52
61.11 2301 Whiskey lactone B 0.17 ± 7.34 ND ND
61.23 2314 1,8-Dimetyl naphthalene B ND ND 0.0067 ± 6.78
61.35 2346 1,14-Tetradecanediol B ND 0.31 ± 6.88 0.19 ± 4.55
62.31 2365 Bifenyl B ND 0.01 ± 2.07 0.012 ± 3.41
65.19 2423 2-Methoxyphenol A, B 0.026 ± 14.61 ND ND
65.74 2431 2-Methyl phenol A, B 0.026 ± 15.06 0.023 ± 1.93 0.033 ± 14.97
66.02 2440 Ethyl tetradecanoate A, B 0.604 ± 9.57 0.41 ± 0.54 0.97 ± 8.15
66.24 2447 Ethyl laurate A, B ND 0.0023 ± 8.47 0.039 ± 14.97
66.69 2456 Nerolidol A, B 0.062 ± 12.18 0.17 ± 0.29 0.16 ± 13.53
67.45 2468 Octanoic acid A, B 4.01 ± 8.15 2.22 ± 0.83 1.37 ± 19.76
68.18 2495 Ethyl 3-hydroxyhexanoate B ND 0.0067 ± 16.11 0.095 ± 5.63
70.09 2512 4-Methyl phenol B 0.085 ± 11.61 ND ND
70.52 2523 2-Ethyl phenol B 0.014 ± 16.23 ND ND
74.04 2554 Cyclododecanemethanol B 0.72 ± 11.47 0.054 ± 13.61 0.75 ± 5.83
75.31 2591 4-Ethyl phenol B 0.045 ± 10.34 ND ND
77.32 2667 Ethyl hexadecanoate A, B 1.06 ± 7.76 0.05 ± 27.07 0.34 ± 21.16
78.10 2683 Ethyl 9-hexadecenoate B 1.20 ± 4.12 0.03 ± 8.48 0.74 ± 7.75
79.14 2704 Decanoic acid A, B 9.01 ± 11.07 4.08 ± 0.70 4.53 ± 10.94
82.29 2772 Oleyl alcohol B 0.79 ± 5.73 0.03 ± 1.03 0.19 ± 16.30
85.30 2828 Benzoic acid A, B ND 0.04 ± 19.15 ND
86.20 2846 Dodecanoic acid A, B 4.08 ± 7.91 0.93 ± 2.12 1.51 ± 9.85
87.54 2865 5-Hydroxymethyl furfural A, B 0.53 ± 8.53 ND ND
88.51 2894 Vanillin A, B 0.46 ± 12.41 ND ND
a Experimentally determined Kova`ts indices on the DB-Waxetr column, relative to C8–C20 hydrocarbons.
b A: components identified on the basis of the retention time and EI mass spectra of pure standard; B: components identified on the basis of their EI mass spectra
only; C: mass spectra agreed with literature data [42].
c Averages of three independent extractions.
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ed Not detected.
e 1,2,3,4-Tetrahydro-1,1,6-trimethylnapthalene.
.1. Solvent and ﬁbre selection
The choice of the extraction solvent depends on the type
f food and the information needed. It is of great importance
o recover an aromatic extract that as representative as possi-
le of the product. Initially, some preliminary experiments were
erformed in order to establish the most suitable extraction sol-
ent. Two solvents, CH2Cl2, H, and five mixtures CH2Cl2–DE
3:1 and 1:3), CH2Cl2–H (3:1 and 1:3) and DE–H (1:3), and
wo SPME fibres (CAR/PDMS and CW/DVB) were investi-
ated and evaluated. More than 50 compounds were detected
nd identified in concentration above 0.05% in the volatile frac-
ions obtained by CH2Cl2. The total composition of volatile
ractions isolated by CH2Cl2–DE (3:1 and 1:3), and CH2Cl2
iffered significantly (p < 0.05) from H, CH2Cl2–H (1:3) and
E–H (1:3). Highest extraction efficiency of whiskey volatile
ompounds was obtained when CH2Cl2 was used as solvent
xtraction. H extracted the lowest volatile fraction (about 24%
f CH2Cl2). Similar amounts of volatiles were extracted when
sing either CH2Cl2–DE (3:1 and 1:3) (94 and 87% of CH2Cl2,
espectively) or CH2Cl2–H (3:1) (82% of CH2Cl2). CH2Cl2
s a very good extraction solvent, because all the target com-
ounds were extracted and the yields were bigger in most cases,
ence, it was the solvent chosen for extraction/isolation the
t
a
e
aarget compounds from whiskeys by LLE. Fig. 1 compares
he main fatty acids and ethyl esters found in CH2Cl2 extract
f BL whiskey with those obtained by using H as extraction
olvent.
The main volatile compounds found in CH2Cl2 extracts
f BL whiskey were 3-methylbutan-1-ol with a relative peak
rea (RPA) of 46.4, decanoic acid (RPA = 9.0), ethyl decanoate
RPA = 6.7), -phenylethanol (RPA = 5.5), and in lower extent
odecanoic (RPA = 4.1) and octanoic (RPA = 4.0) acids. 3-
ethylbutan-1-ol (RPA = 7.3), butanoic acid (RPA = 3.5), ethyl
odecanoate (RPA = 2.9) and ethyl octanoate (RPA = 1.4), were
he main compounds found in n-hexane extract.
The relative amount of the higher alcohols, dropped consid-
rably from 88.44% (CH2Cl2–DE, 3:1) to 44.14% (H), whilst
he ethyl esters fraction rose from 3.92% (CH2Cl2) to 24.20%
H).
To investigate the extraction yields of the whiskey volatile
omponents by HS-SPME, two fibre coatings, CAR/PDMS and
W/DVB, were used. Some experimental factors which influ-
nce the HS-SPME extraction yield, namely time required for
he target analytes to reach equilibrium and extraction temper-
ture, were previously evaluated by Caˆmara et al. [41]. The
quilibration temperature was investigated by performing the
nalysis at four different temperatures (25, 40, 50 and 60 ◦C) at
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Fig. 3. Comparison of TIC chromatograms of the volatile fraction
extracted/isolated from BL whiskey sample obtained by LLE method using
CH2Cl2 as extraction solvent (LLECH2Cl2 ) and by dynamic HS-SPME using
a 75m CAR/PDMS fibre coating (HS-SPMECAR/PDMS). Peak Identification:
1: ethyl acetate; 2: ethanol; 3: 2-methylpropan-1-ol; 4: butan-1-ol; 5: isoamyl
acetate; IS: 4-methylpentan-2-ol; 6: ethyl hexanoate; 7: 3-methylbutan-1ol; 8:
styrene; 9: acetal; 10: hexyl acetate; 11: ethyl heptanoate; IS: octan-3-ol; 12:
ethyl latate; 13: hexan-1-ol; 14: ethyl octanoate; 15: linalool; 16: acetic acid; 17:
furfural; 18: vitispirane (isomer I + II); 19: propyl octanoate; 20: butyl caprylate;
21: ethyl decanoate; 22: isoamyl octanoate; 23: butanoic acid; 24: trans-ethyl
2-decenoate; 25: 3-methylbutanoic acid; 26: diethyl succinate; 27: azulene; 28:
buthyl decanoate; 29: dodecan-1-ol; 30: -damascenone; 31: 2-phenylethanol
acetate; 32: ethyl dodecanoate; 33: isoamyl decanoate; 34: hexanoic acid; 35: -
ionol; 36: benzeneacetaldehyde; 37: -phenylethanol; 38: cis-whiskey lactone;6 M. Caldeira et al. /
xed equilibration time of 60 min. To select an optimal equi-
ibration exposure time of the SPME fibre, extractions were
erformed at 5, 15, 30, 45 and 60 min [41]. In view of the
btained results, a temperature of 40 ◦C and an extraction time
f 60 min were chosen as the optimized conditions to carry-
ng the analysis of all the whiskey samples under investigation.
or reasons of comparability all tests were carried out with the
ame whiskey sample (BL). The peak areas of the total free
raction present in the BL whiskey were used for the evaluation
f the optimal fibre. With the HS-SPME method, more than 60
olatile compounds were identified by using the CAR/PDMS
nd CW/DVB coatings. The results were shown in Fig. 2, indi-
ating that the semi-polar CAR/PDMS fibre was more efficient
han the CW/DVB fibre for extracting total volatiles in whiskeys.
herefore, this fibre was chosen for the remaining studies includ-
ng validation. CAR/PDMS coating is less polar than CW/DVB,
hus it is widely used for the extraction of non-polar com-
ounds. For volatile low-molecular-mass and polar compounds
ike ketones and alcohols polar coatings like CW/DVB work
etter. From Fig. 2, it can be observed that the two fibres
how different selectivity to different groups of compounds.
he ethyl esters from fatty acids (EE) have a larger affinity for
AR/PDMS fibre. This coating has better sensitivity for hydro-
arbons (H), monoterpenes and C13 norisoprenoids (Ter/Nor),
igher alcohol acetates (Acet), isoamyl esters (IsoAm) and car-
onyl compounds (CC). Higher alcohols (HA) and fatty acids
FA) were more effectively extracted by using the CW/DVB
oating.
The results presented above suggest that there is a great
ariability in the aroma compounds obtained, depending on
he solvent and the fibre coating employed. Some character-
stic compounds of whiskey aroma were isolated by the both
ethods, such as 3-methylbutan-1-ol, -phenylethanol, ethyl
sters: hexanoate, octanoate, decanoate, dodecanoate, tetrade-
anoate and hexadecanoate, and fatty acids: octanoic, decanoic
nd dodecanoic.
.2. LLE and headspace SPME: performance
haracteristics
Once the extraction solvent (for LLE method) and the fibre
for SPME method) were selected, the performance characteris-
ics of the methods in terms of linearity, precision and accuracy,
ere evaluated. The results are shown in Table 1 (LLECH2Cl2 )
nd Table 2 (SPMECAR/PDMS). Other analytical parameters that
ave been studied include the limits of detection (LOD) and
uantification (LOQ), the percentage of recovery and the extrac-
ion yield.
The linearity of the method was evaluated through the con-
truction of two calibration curves for each analyte (five levels of
oncentration were tested), using the same analytical conditions
f the sample. For each compound the dynamic concentration
anges together with the response factor for each of the analytes
re shown in Table 1 (LLECH2Cl2 ) and Table 2 (SPMECAR/PDMS).
n general, the volatile compounds have shown a good lin-
arity in the range of concentrations studied, as regression
oefficients (r) vary between 0.9929 (-phenoxyethanol) and
39: ethyl tetradecanoate; 40: nerolidol; 41: octanoic acid; 42: 1,12 dodecane-
diol; 43: ethyl hexadecanoate; 44: ethyl 9-hexadecanoate; 45: decanoic acid;
46: cyclododecanemethanol; 47: ethyl succinate; 48: dodecanoic acid; 49: 5-
(hydroxymethyl) furfural; 50: vanillin.
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Fig. 4. Proportion of the chromatographic profile between LLE and SPMECAR/P methods for analysis of different chemical classes and specific compounds
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etermined in BL whiskey (DCM: CH2Cl2; EO: ethyl octaoate; ED: ethyl decan
HD: ethyl hexadecanoate; OA: octanoic acid; DA: decanoic acid; DODEC
utan-1-ol).
.000 (propan-1-ol, isoamyl acetate, ethyl butanoate and ethyl
ecanoate) for LLECH2Cl2 (Table 1) and between 0.9935 (-
henoxyethanol) and 1.000 (ethyl octanoate, octanoic acid) for
S-SPMECAR/PDMS (Table 2).
The precision was studied as reproducibility and expressed
s relative standard deviation, (R.S.D.) for BL whiskey which
as extracted six times and injected in triplicate. Percent R.S.D.
alues range from 3.19% (2-methylpropan-1-ol) to 19.42%
decanoic acid) for the LLECH2Cl2 (Table 1) and between
.97% (ethyl hexanoate) and 14.78% (octanoic acid), for HS-
PMEPDMS method (Table 2).
m
o
d
able 4
dour description, odour threshold and odour activity values of the main odour-activ
ompound Odour description Odour threshold
(g L−1)
OAVa
HC
cetaldehyde Green, nutty, 500b 6.02
utan-1-ol Pungent, harsh 150000c 0.62
-Methtylpropan-1-ol Wine, solvent 40000b 55.53
soamyl acetate Banana 30b 150.35
-Methylbutan-1-ol Sweet, fusel 30000b 3.25
thyl hexanoate Green apple, anise 14c <0.1
thyl octanoate Sweet, fruity, fresh 5c 423.47
urfural Fruity, floral 20000d 0.27
thyl decanoate Floral, soap 200c 26.56
-Phenylethanol Floral, rose, honey 14000c 0.19
thyl dodecanoate fruity, floral 1200c 3.47
exanoic acid Sweety, cheesy 420c 4.83
ctanoic acid Cheese 500c 8.93
ecanoic acid Fatty 1000c 11.74
a Odour activity value calculated by dividing concentration by odour threshold valu
b Guth [43]. The matrix was a 10% water/ethanol solution.
c Ferreira et al. [44]. The matrix was a 11 % water/ethanol solution containing 7 g
M NaOH.
d Boidron et al. [45]. The matrix was a synthetic wine containing 12% ethanol, 8 gDMS
EDODEC: ethyl dodecanoate; EH: ethyl hexanoate; ETD: ethyl tetradecanoate;
decanoic acid; IsoAl: 3-methylbutan-1-ol; FeOH: -phenylethanol; ButOH:
The accuracy of both the analytical methods was evaluated
rom the determination of the recovery, obtained by the addition
f known quantities of the target compounds in a commercial BL
hiskey. No significant differences were found between them at
significance level of 5%. Recoveries near 100% were obtained
or all the volatile compounds under study.
The values obtained for detection and quantification limits
Tables 1 and 2), are in general, low enough to permit the deter-
ination of these compounds in whiskey samples. The values
btained by SPMECAR/PDMS were much lower than the values
etermined by LLECH2Cl2 .
e compounds of commercial whiskeys
FG DW RL BL GRA JL BAL
7.75 9.44 7.59 12.49 4.09 6.04 8.17
1.30 0.87 0.66 3.01 0.12 <0.1 0.45
64.10 66.42 57.76 75.26 65.32 60.46 57.65
125.43 121.35 92.72 100.21 190.51 128.27 127.61
3.81 3.89 3.90 5.57 4.49 2.60 3.81
7.12 27.63 <0.1 22.42 21.13 <0.1 5.44
787.35 915.87 603.01 1011.35 864.43 255.70 638.17
1.08 0.66 0.72 2.66 0.79 0.06 0.71
50.13 42.15 39.14 45.36 49.61 20.09 37.53
0.16 0.14 0.18 0.20 0.32 <0.1 0.20
6.73 2.97 4.86 4.71 4.37 3.39 4.69
5.31 6.60 6.12 7.40 6.42 4.21 6.17
13.85 19.56 17.22 23.37 19.99 6.48 18.11
6.30 12.78 17.55 7.57 8.85 9.62 11.77
e of the compound. In bold compounds with OAV < 1.
L−1 of glycerol and 5 g L−1 of tartaric acid, with the pH adjusted to 3.4 with
L−1 of glycerol and different salts.
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Fig. 5. Main odorants found in BL, HC and RL whiskeys determined by HS-
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.3. Volatile compounds in commercial whiskeys
The R.S.D. values for triplicate samples were <10%. 3-
ethylbutan-1-ol is the main component in all whiskeys volatile
ractions, followed by decanoic acid and ethyl decanoate. It
as observed that the total average concentration of volatile
onstituents in BL whiskeys are of 262.65 mg L−1 while for
he other commercial whiskeys, the average concentration
re significantly lower (p < 0.05, 95%). The higher alcohols
re the chemical family that contributes for this significant
ifference, from which 3-metilbutan-1-ol and 2-methylpentan-
-ol are highlighted. Our results, using both LLECH2Cl2 and
PMECAR/PDMS methods, indicate that BL has significantly
levated levels of higher alcohols and furanic compounds as
ompared to JL and HC whiskeys. Levels of higher alcohol
cetates and fatty acids are significantly lower in RL and FG
hiskeys, respectively.
.4. Comparison of the two analytical methods
The conventional LLE method and the new HS-SPME
ethodology were applied to the analysis of nine commercial
hiskey samples in order to determine the volatile profile and
o compare the different samples. The instrumental analytical
onditions chosen allow the separation of the all compounds
tudied. Relative peak area counts (RPA) and relative standard
eviation (R.S.D.) of volatile compounds detected in whiskey
sing LLE and SPME, together with their calculated Kova`ts
ndices are shown in Table 3 in order of elution. As can be seen
rom the data, 65 volatile organic compounds were tentatively
dentified in whiskey extracts using the SPMECAR/PDMS tech-
ique and 61 by SPMECW/DVB, whereas 55 compounds were
ositively identified by LLECH2Cl2 .Basically, volatile flavour compounds comprised: ethyl esters
17 SPME and 14 CH2Cl2), higher alcohols (16 SPME and
CH2Cl2), higher alcohol acetate (3 SPME and 2 CH2Cl2),
soamyl acetates (4 SPME and 1 CH2Cl2), fatty acids (4 SPME
m
t
t
p
ig. 6. PC1 vs. PC2 scatter plot of the main sources of variability between different w
he 22 volatile compounds (loading). Identification of the variables: M1P: 2-Methy
HEN: 2-phenylethanol; ISOA: isoamyl acetate; EH: ethyl hexanoate; EL: ethyl lacta
cid; ACET: acetaldehyde; SYR: syringaldehyde; FUR: 2-furfural; MF: 5-methyl-2-fPMECAR/PDMS methodology (EH: ethyl hexanoate; ED: ethyl decanoate; OA:
ctanoic acid; DA: decanoic acid; EO/50: ethyl octanoate concentration divided
y 50; Isoacet: 3-methylbutan-1-ol acetate concentration divided by 10).
nd 9 CH2Cl2), carbonyl compounds (3 SPME and 7 CH2Cl2),
ydrocarbons (9 SPME and 4 CH2Cl2), monoterpenes and C13-
orisoprenoids (8 SPME and 2 CH2Cl2) and volatile phenols
4 SPME and 6 CH2Cl2). Typical GC–ITDMS chromatographic
rofile of the volatile fraction isolated from BL whiskey by
LECH2Cl2 , HS-SPMECAR/PDMS and HS-SPMECW/DVB meth-
ds, are shown in Fig. 3. Table 3 displays the semi-quantitative
esults of the volatile organic components derived from triplicate
xtractions.
Major compounds in the TIC/HS-SPMECAR/PDMS pro-
le were ethyl esters (C10  C8 > C12, and in lower
ontent C14 > C16), higher alcohols (3-methylbutan-1-ol >-
henylethanol) and fatty acids (C10 > C8 > C12), while in the
IC/LLECH2Cl2 profile, higher alcohols (3-methylbutan-1-ol >
-phenylethanol), ethyl esters (C10 > C12 > C8), 5-hydroxy-
ethylfurfural and vanillin are the major ones. This suggests
hat SPME is generally a more sensitive technique than LLE for
he extraction of aroma compounds from whiskey, although in
ractice the two methods may complement each other.
hiskeys: (A) distinction between the samples (scores) and (B) relation between
lpropan-1-ol; BUT: butan-1-ol; M1B: 3-methylbutan-1-ol; HEX: hexan-1-ol;
te; EO: ethyl octanoate; ED: ethyl decanoate; HA: hexanoic acid; OA: octanoic
urfural; GUA: guaiacol.
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Differences in the selectivity between each extraction method
ere observed. In general, LLECH2Cl2 extracted higher alco-
ols more efficiently than HS-SPMECAR/PDMS. However, this
ethodology was more selective for ethyl esters and fatty acids
han was LLECH2Cl2 . The major compounds appeared to be the
ame as those in CH2Cl2 extracts. As can be seen, the values
btained for these compounds by SPMECAR/PDMS differed to
hose obtained by LLECH2Cl2 . Fig. 4 shows the proportion of
ome of volatile compounds identified in whiskey samples by
oth SPMECAR/PDMS and LLECH2Cl2 methods.
.5. Identiﬁcation of the main odorants
To estimate the sensory contribution of the volatiles to the
verall flavour of whiskeys the OAV values were calculated.
roma-active compounds detected in whiskeys and their aroma
roperties are given in Table 4. However, the ranking of the
AV values were different because of differences in concen-
ration levels. From all volatile quantified compounds, those
resent at concentrations higher than their odour threshold are
ainly considered as aroma contributing substances. The results
howed that, 14 out of 25 components (56%) quantified in
he studied commercial whiskeys were found at concentrations
igher than their corresponding threshold values (OAVs ≥ 1).
ccording to the OAV values, ethyl octanoate, a compound asso-
iated with sweet, fruity and fresh notes, was the most intense
dorant in the studied samples (Fig. 5). Isoamyl acetate was
he next most significant compound with an OAV values that
anges from 92.72 (RL) to 190.52 (GRA). This compound con-
ributed for the total aroma of the whiskeys, with a characteristic
anana-like odour. With regard to alcohols, 3-methylbutan-1-ol
fruity) and 2-methylpropan-1-ol (bitter, harsh), were the only
nes found contributing to whiskey aroma. Butan-1-ol and -
henylethanol, although exhibiting OAV values lower than 1 also
ould contribute to the ﬂoral character of studied whiskeys, due
o the synergic effects in the matrix. Ethyl hexanoate showing a
reen apple and anise aroma, was identified as another impor-
ant aroma-active compounds in DW > BL > GRA > FG > BAL
hiskeys. In HC, RL and LJ samples, this compound present
AV values lower than 0.1, and do not contribute to the aroma of
hese whiskeys. Hexanoic, octanoic and decanoic acids exhibit
n aroma index very high, indicating that these compounds prob-
bly can contribute individually to the studied whiskeys aroma.
There is a similarity in the OAV values between the different
ommercial whiskey samples. The most significant differences
ere observed for BL and GRA (Fig. 5). The highest OAV val-
es were gotten for by-products of the fermentative metabolism,
uch as: ethyl octanoate, isoamyl acetate, ethyl decanoate and
-methylpropan-1-ol. The volatile compounds that contribute
ess for the aromatic profile are butan-1-ol, furfural and -
henylethanol.
.6. Whiskey differentiationThe proposed LLECH2Cl2 method was applied to nine
ifferent commercial whiskeys. Evidently, the different concen-
rations of the volatile constituents determined in these samples
(
sta 74 (2007) 78–90 89
llow their differentiation. The obtained results were subjected
o principal components analysis (PCA) which revealed that
RA, HC, LJ, and BL whiskeys were clearly separated in a two-
imensional projection. The PCA results show that 81.29% for
he obtained results can be represented in a subspace formed by
wo coordinates (principal components) constructed from linear
ombinations of the various concentrations that describe each
olatile fraction. Fig. 6 shows how GRA whiskey is clearly sep-
rated from the others. From the latest, LJ and BL are the most
ifferentiated ones, followed by HC and DW. The BAL, FG and
L whiskeys were too closed that confirm that they have very
imilar compositions. The compounds which contributed most
o the differentiation were hexan-1-ol, 3-methylbutanoic acid
nd -phenylethanol.
Factor 1 which explains 67.78% of the information is
onstructed mainly from contribution of hexan-1-ol (0.97), 3-
ethylbutanoic acid (0.97), 3-methylbutan-1-ol acid (0.96) and
-methylfurfural (0.96). Factor 2 correspond to 13.5% of the
nformation and consist mainly of -phenylethanol (0.96) and
soamyl acetate (0.90).
. Conclusions
For a complete and quantitative study of volatile composition
n food beverages, two or more sample preparation techniques
re recommended. Volatile compounds of whiskeys extracted
sing the two methods LLE and SPME were identified by
C–MS. Twenty-five of them were quantified by GC-FID, and
heir odour-active compounds identified. HS-SPMECAR/PDMS
rovides a more sensitive technique to the traditional method
f LLE. Sixty-five volatile organic compounds were identi-
ed using HS-SPMECAR/PDMS applied to the extraction of BL
hiskey, whereas only 55 aroma compounds were identified
sing traditional LLE. The main advantages of LLE compared
o other conventional methods are that is simple, rapid and no
pecific instrumentation was required. The LLECH2Cl2 –GC-FID
nalysis revealed that volatile fractions of the studied whiskeys
ere very rich in ethyl esters followed by higher alcohols and
atty acids.
HS-SPME method using CAR/PDMS coating fibre followed
y GC and MS detector is a good procedure for the analysis
f several whiskey flavour compounds. The study has revealed
otent odorants that are responsible for the overall flavour of
he investigated whiskeys. Ethyl octanoate followed by isoamyl
cetate, 2-methylpropan-1-ol, ethyl decanoate and decanoic
cid, were identified as the main odour-active compounds, on
he basis of their high OAV values.
The identification of whiskey aroma compounds and the
etermination of analytical ratio combined with statistics pro-
ide efficient tools like: differentiation of whiskies, establishing
riteria for genuineness, improvement of quality, prevention of
rauds and guaranteeing their origin.
cknowledgmentsThe authors are grateful to the Famous Grouse Company
Scotland) and Prime Drinks, Lda. (Portugal) for supply of the
amples used in this study.
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